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Neisseria gonorrhoeae is the etiologic agent of gonorrhea, which has been among the most frequently reported
communicable diseases in the United States since 1960. Women frequently do not exhibit symptoms, which can
lead to chronic infection. N. gonorrhoeae readily forms biofilms over abiotic surfaces, over primary and
transformed cervical epithelial cells, and over cervical tissues in vivo. Biofilms are often associated with chronic
infection, which suggests a link between biofilm formation and asymptomatic gonorrhea in women. Proteins
involved in anaerobic metabolism and oxidative-stress tolerance are critical for normal biofilm formation of N.
gonorrhoeae. Therefore, we examined the spatial profiles of anaerobic respiration in N. gonorrhoeae, using an
aniA�-�gfp transcriptional fusion. Nitric oxide (NO) can elicit biofilm dispersal when present at sublethal
concentrations in the surrounding medium. Some reports indicate that NO may also encourage biofilm
formation at higher, potentially lethal concentrations. NO is produced by polymorphonuclear lymphocytes
(PMNs) and cervical endothelial and epithelial cells. Thus, we also examined the effect of NO on N. gonorrhoeae
biofilms. We found that anaerobic respiration occurs predominantly in the substratum of gonococcal biofilms
and that expression of aniA is induced over time in biofilms. Treatment with high concentrations of a
rapid-release NO donor prevents biofilm formation when supplied early in biofilm development but can also
enhance biofilm formation once anaerobic respiration is initiated. NO treatment partially restores biofilm
formation in an aniA::kan insertion mutant, which suggests that N. gonorrhoeae in biofilms may use NO as a
substrate for anaerobic growth but prefer nitrite.

Sixty-two million new cases of gonorrhea, which are caused
by the bacterium Neisseria gonorrhoeae (31, 35, 37), are re-
ported annually worldwide (26). Gonorrhea is one of the oldest
known human illnesses (31, 37), and it remains prevalent, as
gonorrhea is among the most frequently reported communica-
ble diseases in the United States today (8, 9). Both men and
women may become infected with N. gonorrhoeae, although
the mechanism of infection differs between men and women
(21). Men who become infected with N. gonorrhoeae typically
develop acute anterior urethritis with urethral discharge
and/or dysuria (31, 37), while up to 80% of infected women do
not develop any noticeable symptoms (4, 31, 37, 47, 50).
Asymptomatic infection may occur in men, but is rare, occur-
ring in only 1% of those infected (30, 31). Undiagnosed infec-
tion in women can lead to prolonged or persistent infection
(31, 36, 37). Women with persistent infection may develop
pelvic inflammatory disease (PID), ectopic pregnancy, chronic
pain, infertility, and/or disseminated gonococcal infection
(DGI) (1, 31, 36, 37). In addition, gonorrhea increases the risk
of infection with other sexually transmitted pathogens, includ-
ing HIV (8, 10, 25).

It was recently acknowledged that biofilm formation fre-
quently contributes to infection by pathogenic and opportunis-
tic bacterial species (12–14, 19, 28, 29, 65). Biofilm formation

can facilitate persistence within the human host, as the major-
ity of biofilms are inherently resistant to antimicrobials and
host immune defenses (2, 14, 18, 19, 28). N. gonorrhoeae is
capable of forming biofilms over glass and over primary and
transformed human cervical epithelial cells (THCEC) (27).
Microscopic examination of biopsied human cervical tissue
also indicates that N. gonorrhoeae forms biofilms during natu-
ral cervical infection (64). It has been demonstrated that the
ability of N. gonorrhoeae to perform anaerobic respiration and
tolerate oxidative stress is critical for normal biofilm formation
(22, 44, 52, 53, 61). Mutations in a number of stress tolerance
genes, including trxB, estD, gor, oxyR, prx, mntABC, ccp, and
norB, impair the ability of the gonococcus to form biofilms over
THCEC and/or glass surfaces (22, 44, 52, 53, 61).

The capacity to tolerate oxidative and nitrosative stress as-
sociated with the innate immune response of the human body
can be an important virulence determinant, and mechanisms
for oxidative-stress tolerance are abundant in human patho-
gens (32, 41, 60). N. gonorrhoeae can neutralize reactive oxygen
and nitrogen species, such as hydrogen peroxide (H2O2) and
nitric oxide (NO) (59,60). NO is toxic to many bacterial species
(15, 23, 45, 72), and the production of NO may be a strategy
used by the innate immune system to respond to bacterial
infection (23), as it is produced by polymorphonuclear lym-
phocytes (PMNs) (7, 23, 45, 46) and cervical endothelial and
epithelial cells (43, 66). N. gonorrhoeae is inherently resistant to
NO-mediated killing and can rapidly reduce NO to achieve
noninflammatory steady-state levels (6). N. gonorrhoeae uses
NorB, a respiratory nitric oxide reductase to reduce NO (39).
NorB is also responsible for the reduction of NO produced by
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the respiratory nitrite reductase AniA, and together NorB and
AniA facilitate anaerobic growth of gonococcus (38). Although
both norB and aniA insertion mutants are defective in some
aspect of biofilm formation, a norB insertion mutant is more
severely attenuated for biofilm formation (22). This appears to
be due to the accumulation of NO in the norB mutant, as
nanomolar concentrations of NO can impair biofilm formation
and/or elicit biofilm dispersal in N. gonorrhoeae (22). This has
been also observed in Pseudomonas aeruginosa (3) and staph-
ylococcal (58) biofilms. However, higher concentrations of NO
(�M to mM) can also enhance biofilm formation in P. aerugi-
nosa (3, 71).

We elected to investigate the anaerobic respiratory profiles
of N. gonorrhoeae biofilms, using a green fluorescent protein
(GFP) transcriptional fusion to aniA, as mutations in aniA and
norB impair but do not entirely prevent biofilm formation (22).
We hypothesized that N. gonorrhoeae uses a combination of
anaerobic/microaerobic and aerobic metabolism to support
biofilm growth. The observations that biofilm formation is
more severely attenuated in a norB mutant and that NO can
affect P. aeruginosa biofilm in a concentration-dependent man-
ner (3, 71) prompted us to investigate the influence of higher
concentrations of NO on gonococcal biofilm formation. We
found that anaerobic metabolism occurs primarily at the bio-
film-surface interface or substrata of gonococcal biofilms and
that higher NO concentrations can enhance biofilm formation,
especially in the absence of nitrite. NO may also help to sustain
anaerobic growth, as the addition of NO enhances biofilm
formation in an aniA insertion mutant, which cannot utilize
nitrite.

MATERIALS AND METHODS

Bacteria. N. gonorrhoeae strain 1291, a piliated clinical isolate that expresses
Opa proteins, was used in this study. This strain was reconstituted from frozen
stock cultures and propagated at 37°C with 5% CO2 on GC agar (Becton
Dickinson, Franklin Lakes, NJ) supplemented with 1% IsoVitaleX (Becton
Dickinson) (Table 1).

Construction of an aniA�-�gfp transcriptional fusion. The approximately
190-bp promoter region of the aniA gene was PCR amplified from N. gonor-
rhoeae strain 1291 genomic DNA, using primers that generated an XmaI site at

the 5� end. The coding sequence for GFP was amplified from the pGFP plasmid
(20), using primers that generated an AflII site at the 3� end. These fragments
were then used as a template for PCR splicing by overlap extension (PCR-SOE)
to fuse the GFP coding sequence (beginning at the ATG start codon) to the aniA
promoter from N. gonorrhoeae 1291. The resulting fragment was cloned into
pGEM-T easy (Promega, Madison, WI). This fragment was then subcloned into
pCTS32 (64) for recombination into the proline B synthesis gene (proB) of N.
gonorrhoeae. The restriction sites generated by PCR amplification were selected
for ligation into the pCTS32 plasmid in the opposite orientation of the Sptr

promoter to allow transcription to be initiated from the aniA promoter only. The
resulting construct was sequenced and used to transform wild-type N. gonor-
rhoeae strain 1291. Transformants were selected on GC agar containing specti-
nomycin and supplemented with proline. Integration of these constructs was
confirmed via PCR and Southern blotting (Table 1).

Biofilm growth of the aniA�-�gfp fusion over glass. The N. gonorrhoeae 1291
aniA�-�gfp fusion was assayed for its ability to form biofilm. This strain was
propagated from frozen stock culture on GC agar with 1% IsoVitaleX (Becton
Dickinson, Franklin Lakes, NJ) and 0.2 g/liter proline and was incubated at 37°C
and 5% CO2. An overnight plate culture was used to create a cell suspension for
inoculation of biofilm flow chambers. N. gonorrhoeae was grown in continuous-
flow chambers over glass as described previously (22). The media was supple-
mented with 0.2 g/liter of proline to facilitate growth of the aniA�-�gfp strain.
After 43 h of biofilm formation, chambers were stained with the 2C3 antibody to
gonococcal H.8. H.8 is present in the outer membrane of the gonococcus and was
used to visualize all cells within the biofilm for overlay with cells expressing GFP
from the aniA�-�gfp fusion. Staining was performed as follows. A 1:100 dilution
of 2C3 (in biofilm media) was pumped through the chambers for 2 h, after which
the media was replaced and pumped through the chambers for another 30 min
to remove unbound 2C3. Finally, a 1:500 dilution of the secondary antibody
Alexa Fluor 568 goat anti-mouse IgG (Molecular Probes, Invitrogen Corp.,
Carlsbad, CA) was pumped through the chambers for 2 h in the dark. Biofilm
formation was then examined via confocal microscopy.

Confocal microscopy of continuous-flow chambers. z-Series photomicrographs
of flow chamber biofilms were taken with a Nikon PCM-2000 confocal micro-
scope scanning system (Nikon, Melville, NY), using a modified stage for flow cell
microscopy. GFP was excited at 450 to 490 nm, and Alexa Fluor 568 dye was
excited at 540 to 580 nm for biofilm imaging. Three-dimensional images of the
biofilms were created from each z-series, using Volocity high-performance three-
dimensional imaging software (Improvision, Lexington, MA). The images were
adjusted to incorporate the pixel sizes for the x, y, and z axes of each image stack.

Treatment of biofilms with the NO donors SNP and DETA/NO adduct. Wild-
type N. gonorrhoeae strain 1291 biofilms were treated with sodium nitroprus-
side (SNP), a rapid-release NO donor, at concentrations ranging from 1 mM
to 20 �M at the start of biofilm formation. For most experiments, SNP was
added to the biofilm medium prior to initiating flow but not to the medium
that was used to create suspensions for inoculation of the biofilm. Nitrite was
added to the biofilm media at a concentration of 100 �M. Biofilms were also

TABLE 1. Strains, plasmids, and primers used in this study

Strain, plasmid, or primer Genotype or sequence Reference

Strains
N. gonorrhoeae 1291 Wild type

aniA::kan aniA::kan �aniA pGFP 22
aniA�-�gfp aniA�-�gfp This study

Plasmids
pCTS32 pGEM-T easy/Sptr/�proB 64
pGFP pLES98/GFP/Chlr 20
paniA�-�gfp pCTS32/aniA�-�gfp This study

Primers
aniA promoter
For

5�-TACCCGGGAACTGCCTTTGCCTGCTCTG-3�

aniA promoter
Rev

5�-TCTTCTCTTTTACTCATAATGTTTCCTTTT-3�

GFP For 5�-AAAAGGAAAACATTATGAGTAAAAGGAGAAGA-3�
GFP Rev 5�-GTCTTAAGTTCTGCAGGAGGTCTGGACATT-3�

Strains, plasmids, and primers used during this study are listed above with a description of their relevant genotypes or sequences (primers only). The source of each
strain or plasmid is also denoted by a citation. Strains and plasmids were constructed during the course of this study. Primers are named for the region they amplify.
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treated with a gradual-release NO donor, diethylenetriamine/nitric oxide
(DETA/NO) in the absence of nitrite. Wild-type N. gonorrhoeae strain 1291
biofilms were treated with 10 �M and 20 �M concentrations of DETA/NO
and assessed for biofilm formation relative to that of biofilms grown in the
absence of nitrite and NO. The impact of SNP treatment following growth as
a biofilm in the presence of nitrite for 24 h was also investigated. Wild-type
N. gonorrhoeae strain 1291 biofilms were grown for 24 h in the presence of
nitrite and then transitioned to media with 20 �M SNP or media without
nitrite and NO. Biofilm formation was evaluated after another 24 h of growth
under these conditions. Biofilm assays were run in quadruplicate in a mini-
mum of two experiments for each described condition. Biofilm formation was
evaluated by confocal microscopy and analyzed by COMSTAT software
(available at http://www.dtu.dk/centre/CSM/Instrument%20Center/Resources
/COMSTAT%20Software.aspx).

Measurement of dissolved NO in NO donor stocks and biofilm reservoir
media. A Sievers NOA 280i nitric oxide analyzer (GE Analytical Instruments,
Boulder, CO) was used to measure dissolved NO in the SNP and DETA/NO
stock solutions, as well as in biofilm media containing 500 nM SNP, 20 �M SNP,
and 20 �M DETA/NO. Concentrations were determined from a NO standard
curve immediately prior to treating biofilm flow cells with these media.

COMSTAT analysis of confocal z-series. Quantitative analysis of each z-series
was performed using COMSTAT (34). COMSTAT is a mathematical script
written for MATLAB 5.3 (The Mathworks, Inc., Natick, MA) that quantifies
three-dimensional biofilm structures by evaluating confocal image stacks so that
pixels may be converted to relevant measurements of biofilm, including total
biomass and average thickness. To complete COMSTAT analysis, an informa-
tion file was created for each z-series to adjust for the pixel sizes of the x, y, and
z axes and the number of images in each z series. COMSTAT was then used to
obtain threshold images to reduce the background. The biomass and the average
and maximum thicknesses in each z-series were calculated by COMSTAT, using
the threshold images.

Statistical analysis of COMSTAT results. Statistical analysis was performed
with Prism 4 software (GraphPad Software, Inc., La Jolla, CA). Student’s t tests
were used to compare the biomasses and average thicknesses of untreated
biofilms to those treated with the NO donors SNP and DETA/NO. Values that
met a P value cutoff of 0.05 were considered statistically different.

RESULTS

Microscopic examination of anaerobic respiration in bio-
film. Confocal imaging of the aniA�-�gfp transcriptional fusion
strain under typical biofilm growth conditions (22) indicated
that transcription of aniA occurs in the majority of cells in the
substratum of N. gonorrhoeae biofilms, while few cells express
the fusion in other regions of the biofilm (Fig. 1). aniA is
induced during anaerobic growth and is tightly repressed under
aerobic growth conditions (38). Thus, it can be concluded that
anaerobic respiration occurs most readily near the attachment
surface in gonococcal biofilms. Since expression of aniA�-�gfp
does not occur in all regions of the biofilm, this indicates that
the partial oxygen pressure is sufficient to repress anaerobic
gene expression. Although the majority of GFP-positive cells
can be found in the substratum, they are also present in other
areas of the biofilm. The intensity of the GFP reporter was also
greater in areas of the biofilm where water channels were less
abundant. Water channels can facilitate the diffusion of oxygen
into the biofilm (12, 13, 19), and this may lead to inhibition of
anaerobic gene expression. Almost no GFP expression could
be detected at the surface-liquid interface of the biofilm, where
oxygen would be most abundant in the bulk fluid (Fig. 1).

Effect of high concentrations of SNP on biofilm formation.
A previous report determined that low concentrations (500
nM) of the NO donor SNP inhibit biofilm formation when
administered at the start or after 24 h of biofilm formation
(22). However, studies of P. aeruginosa indicate that SNP can
also enhance biofilm formation when administered at higher

doses (25 to 100 �M) (3, 71). This observation prompted us to
investigate the effect of NO concentration on gonococcal bio-
film formation. We first treated N. gonorrhoeae biofilms with 1
mM SNP at the start of biofilm formation and examined bio-
films after 48 h of growth, using confocal microscopy. We
found that 1 mM SNP completely prevented biofilm formation
in N. gonorrhoeae, as no cells were associated with the glass
surface in continuous-flow chambers. This was an unexpected
result, because N. gonorrhoeae is thought to be inherently re-
sistant to NO, at least more so than P. aeruginosa (59, 60). To
eliminate the possibility that the presence of SNP was inter-
fering with the initial adherence of biofilm cells, we used media
without SNP to inoculate flow chambers. SNP was adminis-
tered to these biofilms when flow was initiated, as SNP was
added directly to the medium reservoir. However, this did not

FIG. 1. Biofilm formation by the aniA�-�gfp fusion strain. (A) Bio-
mass of N. gonorrhoeae strain 1291 aniA�-�gfp after 2 days of growth.
This image is a three-dimensional reconstruction of a representative
stacked z series taken at a magnification of �200 and rendered by
Volocity. Cells expressing GFP appear green or yellow (colocalization
of GFP and 2C3), while cells stained with 2C3 that are not expressing
GFP appear red. (B) Series of side views of the biofilm depicted in
panel A. These images are oriented so that the bottom of each image
is the substratum of the biofilm, or the attachment surface. The top of
each image is the portion of the biofilm that is exposed to the fluid
flow. The highest point of biofilm formation in these images is approx-
imately 130 �M. Image 1 in panel B is a merged image, in which the
red and green channels are overlaid. Image 2 is the green channel
alone (aniA-gfp), while image 3 is the red channel alone (2C3).
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significantly improve biofilm formation. We then tested lower
concentrations of SNP (500, 250, 50, and 20 �M), yet all
concentrations completely prevented biofilm formation. SNP is
a rapid-release NO donor. Therefore, high concentrations of
SNP administered at the start of biofilm formation may over-
whelm the NO defenses of the gonococcus. Expression of norB
is induced under anaerobic conditions, and the norB transcript
is virtually undetectable under aerobic growth conditions (39).
This expression pattern is similar to that of aniA (38).

To assess the induction of anaerobic respiration in gonococ-
cal biofilms, we used confocal microscopy to examine GFP
expression in N. gonorrhoeae strain 1291 aniA�-�gfp in overnight
plate cultures and the biofilm inoculum and after 24 h of
biofilm growth. GFP expression could not be detected in cells
from overnight plate cultures or the biofilm inoculum after
these cells were spotted on glass slides. However, GFP could
be detected in biofilms grown for 24 h in the presence of nitrite
(data not shown). Therefore, we elected to examine the effect
of SNP on biofilms that were first grown for 24 h in the
presence of nitrite. Biofilms that were transitioned to media
containing 20 �M SNP and no source of nitrite formed bio-
films with significantly increased biomasses and average thick-
nesses compared to those of biofilms that were transitioned to
media without SNP or nitrite (Fig. 2). Biofilms grown in the
presence of SNP for the final 24 h of growth formed biofilms
similar to those grown for 48 h in the presence of nitrite, as
described in an earlier publication (22). This finding suggests
that NO may be able to enhance growth in biofilms undergoing
anaerobic respiration. The same is true for nitrite, which en-
hances but is not required for biofilm growth (22).

Measurements of dissolved NO in the SNP stock solution
and biofilm media indicated that the concentration of NO was
substantially lower than the prepared SNP concentration. We
found that SNP degrades rapidly in the biofilm media and that
the concentration of NO is greatest in the headspace above the
media. Authentic NO is present under these conditions, which
results in the observed biofilm phenotype. However, the con-
centration of NO in the biofilm media is not likely to exceed 20
nM, which would be within the normal physiological range in
vivo.

Effect of DETA/NO on biofilm formation. SNP treatment
enhanced biofilm formation after nitrite was removed from the
media. Therefore, we decided to examine the effect of NO
treatment on biofilms that were not previously treated with
nitrite to determine if NO could be substituted for nitrite. This
line of study was of interest because anaerobic respiration
plays an important role in biofilm formation and nitrite and
NO are both consumed during anaerobic respiration (22).
Therefore, we treated biofilms with DETA/NO, a more-stable,
slow-release NO donor. SNP proved unsuitable for these ex-
periments, as treatment with concentrations of 20 �M or
greater at the start blocked biofilm formation. Biofilm forma-
tion was enhanced when wild-type N. gonorrhoeae strain 1291
biofilms were grown in the presence of 20 �M DETA/NO for
48 h. Biofilms treated with 20 �M DETA/NO at the start of
and throughout biofilm growth formed thicker biofilms with
significantly more biomass than biofilms grown in the absence
of nitrite and NO (Fig. 3). Biofilms grown with DETA/NO also
formed biofilms with biomasses and average thicknesses that

FIG. 2. NO enhances biofilm formation in biofilms that are undergoing anaerobic respiration. (A) Biofilm mass of wild-type N. gonorrhoeae
strain 1291 in the absence of nitrite (1) and in the presence of 20 �M SNP (2) after 2 days of growth. Biofilms were grown for 24 h in the presence
of nitrite and then transitioned to media without nitrite that either did or did not contain SNP. Experiments were performed a minimum of two
times, and a representative result is depicted in panel A. N. gonorrhoeae was visualized by GFP expression, and these images are three-dimensional
reconstructions of stacked z series taken at a magnification of �200 and rendered by Volocity. (B) Graphs showing COMSTAT analyses of biomass
and average thickness. There was a significant difference between biofilms with nitrite and those without nitrite, as determined by Student’s t test
(P � 0.001).
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were similar to those of wild-type biofilms grown in the pres-
ence of nitrite (22).

Measurements of dissolved NO in the DETA/NO stock and
biofilm media indicated that DETA/NO is indeed more stable
than SNP. DETA/NO releases NO slowly and steadily, provid-
ing a continuous low concentration of NO to the biofilm. The
average concentration of NO in the media was between 15 and
22 nM.

Effect of DETA/NO on aniA::kan insertion mutant (22) bio-
films. In order to evaluate the ability of N. gonorrhoeae to use
NO as a substrate for anaerobic respiration during growth in a
biofilm, we elected to examine the effect of DETA/NO treat-
ment on an aniA::kan insertion mutant. An aniA::kan mutant
cannot reduce nitrite, but it can reduce NO via NorB (22).
Biofilm formation was enhanced in N. gonorrhoeae 1291
aniA::kan after treatment with 20 �M DETA/NO in the ab-
sence of nitrite. Biofilms grown in the presence of DETA/NO
had significantly increased biomasses and average thicknesses
compared to those of aniA::kan biofilms grown in the absence
of NO or nitrite (Fig. 4). However, treatment with DETA/NO
did not restore biofilm formation to levels similar to that of the
wild type grown in the presence of nitrite. Complementation of
the aniA::kan mutation fully restores biofilm formation (data
not shown). Therefore, it would appear that NO can enhance
biofilm formation when nitrite is unavailable or cannot be
consumed. However, NO cannot entirely compensate for
the inability to utilize nitrite, indicating that NO may par-
tially sustain anaerobic respiration in biofilm, although ni-
trite is the preferred substrate. It is also possible that the
level of NO supplied is not optimal to fully support anaer-

obic growth in these biofilms. Overall, these data indicate
that N. gonorrhoeae biofilms are capable of utilizing both
nitrite and NO to enhance biofilm formation in a concen-
tration-dependent manner.

DISCUSSION

N. gonorrhoeae biofilms can use a combination of anaerobic
and aerobic metabolism to support growth. Genes that are
anaerobically induced and/or encode proteins involved in an-
aerobic respiration are required for normal biofilm formation,
while the transcripts of some genes involved in aerobic respi-
ration are less abundant in biofilms (22). We found that the
addition of NO can improve biofilm formation in the absence
of nitrite and help to restore biofilm formation in an aniA::kan
mutant that is incapable of reducing nitrite. However, NO does
not fully restore biofilm formation in this mutant, which may
indicate that nitrite is the preferred substrate for anaerobic
respiration. Biofilm formation may also be inhibited by NO
when it is present at a sublethal concentration within the bio-
film, even when nitrite is available, which suggests that the
gonococcus is capable of sensing and responding to the con-
centration of NO in the surrounding media, as well as to the
availability of nitrite.

The gonococcus was initially considered to be incapable of
anaerobic growth (40), although N. gonorrhoeae was often iso-
lated in the presence of obligate anaerobes (62). It was subse-
quently determined that nitrite is required for the anaerobic
growth of N. gonorrhoeae on plates (42). AniA (nitrite reduc-
tase) reduces nitrite to NO (48), which is then reduced to

FIG. 3. DETA/NO enhances biofilm formation in biofilms without nitrite. (A) Biofilm mass of wild-type N. gonorrhoeae strain 1291 in the
absence of nitrite (1) and in the presence of 20 �M DETA/NO (2) after 2 days of growth. Experiments were performed a minimum of three times,
and a representative result is depicted in panel A. N. gonorrhoeae was visualized by GFP expression, and these images are three-dimensional
reconstructions of stacked z series taken at a magnification of �200 and rendered by Volocity. (B) Graphs showing COMSTAT analyses of biomass
and average and maximum thickness. Statistical differences between biofilms with and without nitrite were determined via Student’s t test (P �
0.001).
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nitrous oxide (N2O) by NorB (NO reductase) (39). N. gonor-
rhoeae does not evolve nitrogen gas, as there is a frameshift
mutation in the nos genes that would normally encode proteins
that reduce N2O (49). Therefore, both nitrite and NO, both of
which are present at the site of infection in women (43, 66, 67),
could be reduced during anaerobic growth. Previous studies
demonstrated that an aniA insertion mutant cannot respire
anaerobically but can survive incubation under anaerobic con-
ditions (38). However, NO was not present under these growth
conditions. We found that exogenously supplied NO can par-
tially rescue biofilm formation in an aniA::kan mutant, which
suggests that strains with an impaired aniA function may be
capable of anaerobic respiration in the presence of NO if it is
present at concentrations that enhance biofilm formation. Nat-
urally, this may be difficult to achieve outside of a biofilm or
other chemostatic system.

NorB establishes a NO steady state that rapidly reduces NO
from proinflammatory (1 �M) to anti-inflammatory levels (100
nM) (6). This indicates that NorB is efficient at reducing en-
dogenously and exogenously produced NO, which is produced
by PMNs (7, 23, 45, 46) and cervical endothelial and epithelial
cells in the host (43, 66). This poses a potentially serious threat
to bacterial cells that cannot reduce NO (59, 60). NorB not
only reduces nitrosative stress, but it also participates in an-
aerobic respiration. We previously demonstrated that normal
biofilm formation in N. gonorrhoeae is dependent on the ability
to grow anaerobically (22). In this study, we determined that
NO can partially restore biofilm formation in an aniA::kan
mutant that is incapable of anaerobic growth using nitrite.

Therefore, our results suggest that NorB may be sufficient to
support anaerobic growth when NO is present at concentra-
tions that enhance biofilm formation. Thus, reduction of en-
dogenous NO may contribute to anaerobic respiration, espe-
cially if nitrite is unavailable or the function of AniA is
impaired. It has been demonstrated that Neisseria meningitidis
can respire anaerobically (16, 55–57). However, AniA is func-
tional in only some strains of N. meningitidis, and it is not
required for pathogenesis (63). If an aniA::kan insertion mu-
tant can anaerobically respire through the NorB-mediated re-
duction of NO, this may also help to explain why biofilm
formation is more severely attenuated in the norB::kan mutant
(22).

NorB is the simplest form of a respiratory nitric oxide re-
ductase. It uses ubiquinol as an electron donor and reduces
NO at the outer face of the cytoplasmic membrane (17). As a
consequence, this enzyme does not conserve energy. In some
cases, its sole functional role appears to be to detoxify NO, as
in the cyanobacterium Synechocystis (5). However, provided
that NO respiration was coupled to the activity of proton-
translocating NADH dehydrogenase, the respiratory pathway
to NO would generate a proton motive force. The AniA nitrite
reductase is located in the outer membrane of N. gonorrhoeae
(11). Although the respiratory proteins that shuttle electrons
across the periplasm to AniA have not been definitively iden-
tified, the sensitivity of nitrite respiration to the inhibitor myx-
othiazol is a clear indication that the cytochrome bc1 complex
is involved (16). This means that electron transfer from NADH
to nitrite involves two energy-conserving steps. This may ex-

FIG. 4. Biofilm formation by the aniA::kan mutant is enhanced in the presence of DETA/NO. (A) Biofilm mass of N. gonorrhoeae strain 1291
aniA::kan in the absence of nitrite (1) and in the presence of 20 �M DETA/NO (2) after 2 days of growth. Experiments were performed a minimum
of three times, and a representative result is depicted in panel A. N. gonorrhoeae was visualized by GFP expression, and these images are
three-dimensional reconstructions of stacked z series taken at a magnification of �200 and rendered by Volocity. (B) Graphs showing COMSTAT
analyses of biomass and average and maximum thickness. Statistical differences between biofilms with and without nitrite were determined via
Student’s t test (P � 0.001).
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plain why nitrite is a superior electron acceptor for respiration
compared to NO. Neisseria species possess a single electro-
genic cytochrome oxidase (cytochrome cbb3). Thus, respiration
from NADH to oxygen involves three energy-conserving steps.
It is notable that cytochrome cbb3 has a very high affinity for
oxygen, with a Km in the nM range (51). This means that
oxygen consumption and energy conservation via aerobic res-
piration probably take place under very low concentrations of
oxygen, which would induce expression of aniA and norB. Un-
der these conditions, NorB may have an additional role in
detoxification. It has been established that NADH dehydroge-
nase is susceptible to inhibition by NO; therefore, NorB may
play a key role in preventing inhibition of this key energy-
conserving enzyme.

We determined that N. gonorrhoeae uses a combination of
aerobic and anaerobic/microaerobic metabolism to support its
growth as a biofilm. This agrees with our previous findings that
biofilm formation is impaired, but not prevented entirely, in
the aniA::kan and norB::kan insertion mutants (22). Pseudo-
monas aeruginosa, the paradigm organism for the study of
biofilm formation, also undergoes a combination of anaerobic
and aerobic respiration during growth as a biofilm. Anaerobic
respiration is believed to be the primary mode of respiration
during cystic fibrosis infection (24, 33, 68, 70). Respiration
profiles appear to be similar for N. gonorrhoeae, as a large
proportion of the biofilm expresses aniA. Normal biofilm for-
mation is dependent on the expression of anaerobic respiratory
genes in P. aeruginosa (70), and N. gonorrhoeae is similar in this
respect (22). We found that anaerobic respiration occurs most
prevalently in the substratum of N. gonorrhoeae biofilms. Our
images also demonstrate that anaerobic respiration does not
occur in the upper portions of the biofilm, which are directly
exposed to the fluid flow. This agrees with the finding that
oxygen can penetrate approximately the first 50 �M P. aerugi-
nosa biofilms (54, 69).

N. gonorrhoeae biofilms do not immediately catalyze anaer-
obic respiration. Overnight plate cultures and biofilm inocula
do not produce detectable levels of GFP in the N. gonorrhoeae
1291 aniA�-�gfp transcriptional fusion strain. However, GFP
can be detected after 24 h of growth as a biofilm, which indi-
cates that N. gonorrhoeae biofilms do become anaerobic/mi-
croaerobic over time. This likely explains why high doses of
SNP prevent biofilm formation when administered at the start
of biofilm growth but can enhance growth in biofilms that are
primed for anaerobic respiration after growth for 24 h in the
presence of nitrite. Biofilms undergoing anaerobic respiration
can effectively reduce NO, which contributes to nitrosative-
stress tolerance and anaerobic metabolism in the gonococcus.
However, nitrite appears to be the preferred substrate for
anaerobic respiration in the gonococcus. DETA/NO-treated
biofilms are indistinguishable from nitrite-treated biofilms,
while those grown in the absence of nitrite and NO are severely
attenuated. DETA/NO partially restores biofilm formation in
the aniA::kan mutant, but these biofilms do not achieve the
same level of biofilm production as wild-type biofilms grown in
the presence of nitrite. Thus, wild-type biofilms that can utilize
both NO and nitrite would have a distinct advantage over
aniA::kan biofilms that can use only NO. Respiration is hetero-
geneous in N. gonorrhoeae biofilms, which employ a combina-
tion of aerobic and anaerobic or microaerobic metabolism.

Aerobic respiration likely plays its most important role during
initial biofilm formation, which allows time for these biofilms
to induce the transcription of genes in the anaerobic respira-
tory chain.

N. gonorrhoeae biofilms use a combination of aerobic and an-
aerobic respiration. Although aerobic respiration may largely sup-
port the initial growth of biofilms, anaerobic respiration uniquely
confers protection against the oxidative stresses that are present
in the natural cervical environment. The ability to sense and
respond to NO also appears to be critical for biofilm formation by
N. gonorrhoeae, as NO may contribute to anaerobic metabolism
as well as influence the mechanisms that govern biofilm detach-
ment and formation. The ability to sense the concentration of NO
in the surrounding medium appears to influence biofilm forma-
tion, which in turn may regulate the gonococcal lifestyle, govern-
ing the switch between attached and planktonic modes of growth.
See Fig. 5 for our proposed model, which illustrates the potential
role of NO in biofilm formation and detachment. We acknowl-
edge that further investigation is necessary to support or refute
this model.
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